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cystic fibrosis are at particular risk of S. maltophilia infection 10 . Although almost any organ can be affected, mere colonization needs to be discriminated from infections that mainly manifest as respiratory tract infections, bacteraemia, or catheter-related bloodstream infections 5 . Yet, the bacterium is also commonly isolated from wounds and, in lower frequency, in implant-associated infections 11, 12 . Furthermore, community acquired infections have also been described 13 . Treatment options are limited by resistance to a number of antimicrobial classes such as most ß-lactam antibiotics, cephalosporins, aminoglycosides, and macrolides through the intrinsic resistome, genetic material acquired by horizontal transfer, as well as non-heritable adaptive mechanisms 14, 15 .
To date, no large-scale genome-based studies on the population structure and clonality of S. maltophilia in relation to human disease have been conducted. Previous work indicated the presence of at least 13 lineages or species-like lineages in the S. maltophilia complex, defined as S. maltophilia strains with 16S rRNA gene sequence similarities > 99.0%, with nine of these potentially human-associated 8, [16] [17] [18] [19] . These S. maltophilia complex lineages are further divided into four more distantly related lineages (Sgn1-4) and several S. maltophilia sensu lato and sensu stricto lineages 16, 20 . The S. maltophilia type strain K279a, isolated from a patient with bloodstream infection, serves as an indicator strain of the lineage S. maltophilia sensu stricto 20 .
To understand the global population structure of the S. maltophilia complex and the potential for global and local spread of strains, in particular of human-associated lineages, we performed a large-scale genome-based phylogenetic and cluster analysis of a global collection of newly sequenced S. maltophilia strains together with publicly available whole genome data. 
Results

Strain collection and gene-by-gene analysis
To allow for standardised WGS-based genotyping and gene-by-gene analysis of our dataset, we first created an S. maltophilia complex whole genome multilocus sequence typing (wgMLST) scheme. This approach, implemented as core genome MLST, has been widely used in tracing outbreaks and transmission events for a variety of bacterial species [21] [22] [23] . The use of a wgMLST scheme allows to analyze sequenced strains by their core and accessory genome 24 . Using 171 publicly available assembled genomes of the S. maltophilia complex that represent its currently known diversity (Data S1) we constructed a wgMLST scheme consisting of 17,603 loci (Data S2). To ensure compatibility with traditional MLST / gyrB typing methods, the wgMLST scheme includes the partial sequences of the seven genes used in traditional MLST as well as the gyrB gene 25 (Table S1 ).
To investigate the global phylogeographic distribution of S. maltophilia , we gathered WGS data of 2,389 strains from 22 countries and four continents, which were either collected and sequenced in this study or had sequence data available in public repositories (Data S3). All genome assemblies of the study collection passing quality thresholds ( Fig. S1 , Data S4)
were analyzed with the newly created wgMLST scheme. Upon duplicate removal, filtering for sequence quality, and removal of strains with fewer than 2,000 allele calls in the wgMLST scheme, our study collection comprised 1,305 assembled genomes of majority clinical origin (87%) of which 234 were from public repositories and 1,071 newly sequenced strains. Most strains came from Germany (932 strains), the United States (92 strains), Australia (56 strains), Switzerland (49 strains), and Spain (42 strains) ( Fig 1D, Data S3 ). WgMLST analysis resulted in an average of 4,174 (range 3,024 -4,536) loci recovered per strain.
Across the 1305 strains, most loci, 13,002 of 17,603, were assigned fewer than 50 different alleles, consistent with a large accessory genome (Fig. S2 ). This was confirmed by 
S. maltophilia complex comprises 23 distinct monophyletic lineages
To investigate the global diversity of the S. maltophilia complex, a maximum likelihood phylogeny was inferred from a concatenated sequence alignment of the 1,274 core loci present in 99% of the 1,305 S. maltophilia strains of our study collection ( Fig. 1A) .
Hierarchical Bayesian analysis of population structure (BAPS), derived from the core single nucleotide polymorphism (SNP) results, clustered the 1,305 genomes into 23 monophyletic lineages named Sgn1-Sgn4 and Sm1-Sm18, comprising 17 previously suggested and six hitherto unknown lineages (Sm13 -Sm18). For consistency we used and amended the naming convention of lineages from previous reports 16, 18 . In concordance with these studies 16, 18 , we found a clear separation of the more distantly related lineages Sgn1-Sgn4 and a branch formed by lineages Sm1-Sm18 (previously termed S. maltophilia sensu lato ), with the largest lineage Sm6 (also known as S. maltophilia sensu stricto ) containing most strains (n = 413) and the clinical reference strain K279a. Contrary to previous analyses, Sgn4
is the lineage most distantly related to the rest of the strains 16 . The division into the 23 lineages is also clearly supported by an Average Nucleotide Identity (ANI) analysis ( Fig. 1B and Fig. 1C ). ANI comparisons of strains belonging to the same lineage was above 95%, and comparisons of strains between lineages were below 95%.
To evaluate structural genomic variation across the various lineages, we compiled a set of 20 completely closed genomes covering the 15 major phylogenetic lineages of both environmental and human-invasive or human-non-invasive isolation source. These genomes were either procured from the NCBI (n = 8) or newly sequenced on the PacBio platform (n = 12) (Table S2) . Interestingly, no plasmids were detected in any of the genomes. A genome-wide alignment of the 20 genomes including the K279a reference strain demonstrated considerable variation in both structure and size between strains of different lineages and even strains of the same lineage ( Fig. S4 ). Several phage-related, integrative and conjugative mobile elements were observed across the genomes. The more distantly related lineages Sgn1 (85%), Sgn2 (83%), Sgn3 (74%), and also Sm11 (34%) contained significantly more environmental strains (p < .001, test of equal or given proportions or Fisher's exact test for n < 5), whereas strains of lineages Sm4a and Sm6 (2% and 5%, p < .001) were minority environmental ( Fig. 2B and 2D, Fig. 4 , Table S3 ).
Anthropogenic strains were found at higher proportions in lineages Sm11 and Sm12 (22% and 17%, p < .001). Strains of lineage Sm4b were likely to be classified as human-invasive (32%, p = .02), and strains of lineage Sm4a and Sm8 were more likely to be human-non-invasive (40%, p < .001 and 57%, p = .03, respectively). Sgn3 contained only few human-non-invasive strains (8%, p = 0.02). Strains of lineages Sm6 (22%, p < .001), Sm2 (27%, p = .04) and Sm 13 (52%, p = .03) were linked to the human-respiratory isolation source. Strains of Sgn3 (5%, p < .001) and Sm11 (3%, p < .001) were less likely to be isolated from the human respiratory tract (Fig. 2B ).
The majority of strains sequenced within this study were prospectively collected through a hospital consortium across Germany, Austria, and Switzerland (n = 741) ( Fig. 2D ). Restricting to this collection of human-associated strains from hospitalised patients, the most common lineage was Sm6 (33%) and lineages Sgn1-3 and Sm11, found to be environmentally-associated in public data, were either not present or represented a minor proportion (< 0.1%) of the collection.
Genomic features of human-associated and environmental S. maltophilia lineages
To better understand S. maltophilia' s genetic adaptation to human vs environmental niches we examined genes unique to strains isolates from different sources. Human-associated strains harboured unique loci not shared by environmental, or anthropogenic strains. Human associated strains as a group shared a larger pool of unique loci (1,385) than shared with strains isolated from an environmental source (1,213) ( Fig. 2C ). Among the three human-associated categories, human-respiratory strains possessed the largest number of unique loci (999). Overall, we found 6,836 loci being present uniquely in human-associated strains and 932 only in environmental strains ( 
Resistome and virulence characteristics of S. maltophilia
We next screened our collection to detect potential resistance genes, e.g. chromosomally-encoded antibiotic resistance genes including efflux pumps 7, 20, 29 . We could identify members of the five major families of efflux transporters with high frequency in our strain collection ( Fig 3A) 20, 30 . Aminoglycoside modifying enzymes were encoded in 6.1% of strains (aminoglycoside-acetyltransferases) and 66% of strains (aminoglycoside-phosphotransferases), respectively, with five strains also harbouring aminoglycoside-nucleotidyltransferases . We observed that these enzyme families were unequally distributed among lineages, which preferentially contained either of the two major types. Taken together, 69% of the strains of our collection featured aminoglycoside-modifying enzymes. Other enzymes implicated in aminoglycoside resistance are the proteases ClpA and HtpX that were present in 96.9% and 98.8% of the strains investigated, respectively 31 .
The S. maltophilia K279a genome encodes two ß-lactamases, the metallo-ß-lactamase blaL1 and the inducible Ambler class A ß-lactamase blaL2 32 . While blaL1 was found in 83.2% of our strains, blaL2 was detected in only 63.2%. Interestingly, strains of some lineages lacked the blaL2 gene, i.e. Sgn4, Sm1, Sm12, Sm13, and Sm16. Sm4a was the only lineage where no blaL1 was found. Only one isolate encoded the oxacillin hydrolyzing class D ß-lactamase OXA. We noted a few strains harbouring the Type B chloramphenicol-O -acetyltransferase CatB (0.6%). The sulfonamide resistance-conferring sul1 was seen in 17 strains (1.3%), and sul2 was found in only five strains (0.4%), mostly occurring in human-associated or anthropogenic strains. This hints towards a low number of trimethoprim/sulfamethoxazole resistant strains in our collection, which is the recommended first-line agent for the treatment of S. maltophilia infection 14 .
We investigated the presence of virulence genes in our collection. SmoR is involved in quorum sensing and swarming motility of S. maltophilia and was observed in 80% of our 33 . PilU, a nucleotide-binding protein that contributes to Type IV pilus function, was found in 9% of strains and mainly in lineages Sm9 and Sm11 34 . StmPr1 is a major extracellular protease of S. maltophilia and is present in 99.2% of strains 35 . KatA is a catalase mediating increased levels of persistence to hydrogen peroxide-based disinfectants and was found in 86.6% of strains 36 . Taken together, S. maltophilia strains harbour a number of resistance-conferring as well as virulence genes, some of which are unequally distributed over the lineages.
To further investigate the correlation of the resistance and virulence profiles of the strains with geographic origin, isolation source, and phylogenetic lineage, we used Multiple
Correspondence Analysis (MCA) to analyze potential associations. A total of 17 genes, derived from virulence databases 37, 38 , that were not present in all, or in a minority of strains were selected to serve as active variables for the MCA. As expected with a complex dataset, the total variance explained by the MCA model was relatively low (Fig. S5A ). Nevertheless, from examining the first two dimensions of the MCA we noted that the genes smoR , katA , blaL2 , aac, and catB correlate with the first dimension of the MCA, while genes blaL1 , aph , smeU2 , and genes encoding RND-efflux pumps are corresponding to the second dimension lack of smoR , katA, and blaL2 virulence and resistance determinants, whereas the human-associated lineages Sm6, Sm9, and Sm11 are strongly associated with the presence of blaL2 , aph , blaL1 , smoR , and katA (Fig. 3C ). In summary, the human-associated lineages are characterized by the presence of key resistance-conferring genes.
International presence of clonal complexes and possible local spread derived from genetic diversity analysis
The identification of widely-spread clonal complexes or potential outbreak events of S.
maltophilia complex strains would have significant implications for preventive measures and infection control of S. maltophilia in clinical settings. We assessed our strain collection for circulating variants and clustered strains using the 1,274 core genome MLST loci, that were also used for phylogenetic inference, and thresholds of 100 (d100 clusters) and 10 mismatched alleles (d10 clusters) for single linkage clustering (Fig. 4A ). These thresholds were chosen based on the distribution of allelic mismatches (Fig. 4B ). We found 765 (63%) strains to group into 82 clusters (median cluster size 6, IQR 6 -11.7) within 100 alleles difference. A total of 269 (21%) strains were grouped into 62 clusters within 10 alleles difference (median cluster size 4, IQR 3 -4.7). The maximum number of strains per cluster were 45 and 12 for the d100 and d10 clusters, respectively. Interestingly, strains within d100 clonal complexes originated from different countries or cities ( Fig. 5A ).
Some strains of lineages, notably those with primarily environmental strains, did not cluster at d10 level at all (Sgn1-4, Sm1, Sm15) ( Fig. 5B, Fig. S6 ).
Discussion
The findings of this study demonstrate that strains of the human opportunistic pathogen S. maltophilia can be subdivided into 23 monophyletic lineages, with two of these comprising exclusively environmental strains. The remaining lineages contain strains from mixed environmental and human sources. Among these strains, certain lineages such as Sm6 are most frequently found to be human-invasive, human-non-invasive, or human-respiratory strains, pointing towards a potential adaptation to human infection and enhanced virulence. This is further supported by their association with antibiotic resistance genes, resulting in the multidrug resistance observed among human-associated lineages. Our data provide evidence for the global prevalence of particular circulating lineages with hospital-linked clusters collected within short time interval suggesting transmission. The latter emphasizes the need to instate or re-enforce hygiene and infection control practices to minimize in hospital spread of these pathogens .
In line with previous reports, our large genome-based study revealed that the S. maltophilia complex is extraordinarily diverse at the nucleotide level, representing a challenge for population-wide analyses and molecular epidemiology 8, [16] [17] [18] . To address this, we first approach to our extensive and geographically diverse collection of S. maltophilia strains allowed us to infer a comprehensive phylogenetic population structure of the S. maltophilia complex, including the discovery of six previously unknown lineages in addition to those described previously 8, 16 .
Altogether, we found 23 distinct phylogenetic lineages of the S. maltophilia complex, which are well supported by hierarchical Bayesian clustering analysis of the core genome and intraand inter-lineage average nucleotide identity. This genetic heterogeneity observed between the detected lineages is sufficient to consider them as clearly separate lineages of the S. maltophilia complex, in line with previous results from classical typing methods and phylogenetic studies 8, [16] [17] [18] 28 . In parallel with these reports, human adaptation is observed to vary, with strains from lineages Sgn1, Sgn2, Sgn3, and Sm11 mostly isolated from the environment and strains from the other lineages mostly derived from human or human-associated sources. Apart from the purely environmental lineages Sgn1 and Sgn2, our results indicate that strains from all other lineages are able to colonize humans and cause infection, including lineage Sgn4 outside the " sensu lato " group, and potentially switch back and forth between surviving in the environment and within a human host. These results do not support the notion that the S. maltophilia sensu stricto strains of lineage Sm6 represent the primary human pathogens 16 . We therefore propose to use the term S. maltophilia complex and the respective lineage classification for all strains that are identified as S. maltophilia by routine microbiological diagnostic procedures in hospitals and omit the use of sensu stricto or lato .
Our results further illustrate that strains of nearly all 23 lineages are present in sampled countries and continents, suggesting a long evolutionary trajectory of S. maltophilia , likely from an exclusively environmental lifestyle towards human colonization and infection. As It is well established that S. maltophilia is equipped with an armamentarium of antimicrobial resistance-conferring mechanisms 5, 20 . In our strain collection, we found several families of antibiotic efflux pumps ubiquitously present among strains of all 23 lineages, as well as other genes implicated in aminoglycoside or fluoroquinolone resistance. In some cases, resistance-related genes were only present in some lineages, such as the ß-lactamase gene blaL2 or the aminoglycoside acetyl-and phosphotransferases genes aac and aph . A striking finding was that the four lineages most distantly placed from the remaining S. maltophilia complex, Sgn1 -Sgn4, were associated with the lack of key virulence and resistance factors.
In contrast, the most successful human-associated lineage Sm6 was linked to the presence of ß-lactamases (BlaL1 and BlaL2) and aminoglycoside resistance-conferring enzymes (Aph) as well as KatA, involved in resistance to disinfectants, pointing towards adaptation to healthcare settings and survival on and in patients. This finding might explain why strains of lineage Sm6 were dominant in our investigation, both in our total study collection as well as in the subset of prospectively collected strains as the majority of strains were isolated from human-associated sources. This notion is also supported by our finding that we did not detect any d100 clusters, or circulating variants, in the primarily environmental-associated lineages.
Importantly, our study indicates the presence of potential transmission clusters in human-associated strains, suggesting potential direct or indirect human-to-human transmission 8 . Indeed, we identified a remarkable number of closely related strains (270) that Our study is limited by our collection framework. Molecular surveillance of S. maltophilia is currently not routinely performed and no robust data on prevalence, sequence types, or resistance profiles exist. The geographic restriction of our prospective sampling is biased towards the acquisition of clinical and human-pathogenic S. maltophilia strains from a multinational consortium mainly comprised of German, Austrian, and Swiss hospitals. The inclusion of all available sequence data in public repositories compensates this restriction partially, however, for these strains information on isolation source and date was incomplete or missing. More prospective, geographically diverse sampling from different habitats is warranted to corroborate our findings, especially concerning the apparent habitat adaptation to the human host. Ultimately, it will be highly interesting to correlate genotype to patient outcomes to identify genomic groups that might be associated with a higher virulence. 40 as well as accession numbers GCA_000455625.1 and GCA_000455685.1) we left the isolates in our collection if the allele calls were above the allele threshold of 2,000 ( Fig S1H) .
Whole genome data collection and next generation sequencing
We retrieved available S. maltophilia sequence read datasets and assembled genomes from NCBI nucleotide databases as of April 2018, excluding next generation sequencing (NGS) data from non-Illumina platforms and datasets from studies that exclusively described mutants. For studies investigating serial strains from the same patient, we chose only representative strains, i.e. one sample per patient was chosen from Esposito et al. 41 and one strain of the main lineages found by Chung et al. 42 . In case of studies providing both NGS data and assembled genomes, we included the NGS data in our analysis.
In addition, we sequenced the genomes of 1,071 clinical and environmental strains. NGS libraries were constructed from genomic DNA using a modified Illumina Nextera protocol 43 States). NGS data was assembled de novo using SPAdes (v3.7.1) included into the BioNumerics software (v7.5, Applied Maths NV). We excluded assemblies with an average coverage depth < 30x (Fig. S1A) , deviating genome lengths (< 4Mb and > 6Mb) (Fig. S1B) , number of contigs > 500 (Fig. S1C) , more than 2000 non-ACTG bases (Fig. S1D) , an average quality < 30 (Fig. S1E) , and GC content (<63% or >68%) (Fig. S1F ). 55 datasets where assembly completely failed were excluded from further analysis. For the phylogenetic analysis, we further excluded strains possessing less than 2,000 genes of the whole genome MLST scheme constructed in this study (Fig. S1H) (accession numbers for all datasets used are provided in Data S3).
Generation of full genomes by PacBio third generation sequencing
We 45 to improve the sequence quality to 99.9999% consensus accuracy. The assembled reads were subsequently disassembled for removal of low-quality bases. The contigs were then analysed for their synteny to detect overlaps between its start of the anterior and the end of the posterior part to circularise the contigs. Finally, the dnaA open reading frame was identified and shifted to the start of the sequence. To evaluate structural variation, genomes were aligned using blastn. PasmidFinder was used to screen the completed genomes for plasmids 46 . Genome sequences are available under bioproject number; the accession numbers can be found in Table S2 .
Construction of a whole-genome MLST scheme for the S. maltophilia complex
A whole-genome multilocus sequence typing (wgMLST) scheme was created by Applied Maths NV (bioMérieux) using 171 publically available S. maltophilia genome datasets. First, an initial set of loci was determined using the coding sequences (CDS) of the 171 genomes (Data S1). Within this set, loci that overlapped more than 75% or that yielded BLAST hits at the same position within one genome were omitted or merged until only mutually exclusive TGA], or non-ACTG bases) and loci for which alleles were found containing large tandem repeat areas were removed. Lastly, multi-copy loci, i.e. repeated loci for which multiple allele calls were retrieved, were eliminated to achieve 90% of the genome datasets used for scheme validation had less than 10 repeated loci. The resulting scheme contained 17,603 loci (including the seven loci from the previously published MLST scheme 25 , see Table S1 ) ( Fig. S2, Fig. S3 ) and can be accessed through a plugin in the BioNumerics TM Software (Applied Maths NV, bioMérieux). On average 4,174 loci (range 3,024 -4,536) were identified per genome of our study collection.
To determine the allele number(s) corresponding to a unique allele sequence for each locus present in the genome of a strain, two different algorithms were employed: the assembly-free (AF) allele calling uses a k-mer approach starting from the raw sequence reads while the assembly-based (AB) allele calling performs a lastn search against assembled genomes with the reference alleles of each loci as query sequences. After each round of allele identification, all available data from the two algorithms (AF and AB) were combined into a single set of allele assignments, called consensus calls. If both algorithms returned one or multiple allele calls for a given loci, the consensus is defined as the allele(s) that both analyses have in common. If there is no overlap, there will be no allele number assigned for this particular locus. If for a specific locus the allele call is only available for one algorithm, this allele call will be included. If multiple allele sequences were found for a consensus locus, only the lowest allele number is retained. Only those genes are assigned an allele number and NCBI nr databases were used.
Whole genome Multilocus sequence typing scheme validation
To validate the scheme, a collection of repeatedly sequenced ATCC strains 52 as well as sequence reads sets from published work 41 were analyzed with the wgMLST scheme in BioNumerics (v7.6.3). For the technical replicates (same sequence read set analysed multiple times), the number of consensus allele calls and allelic profiles were identical.
Biological replicates (sequencing data obtained from different fresh cultures of S. maltophilia strain ATCC 13637 52 ) differed at maximum 5 consensus allele calls.
Phylogenetic analysis
We characterized the core loci present in 99% of the dataset based on loci presence, i.e. that genes received a valid allele call, amounting to 1,275 loci. For phylogenetic analyses, a concatenated alignment of the 1,275 core genes from all strains was created, and an initial tree was built using RAxML-NG with a GTR+Gamma model and using the site-repeat optimization 53 . This alignment and tree was then fed to ClonalFrameML to detect any regions of recombination 54 . These regions were then masked using maskrc-svg and this masked alignment was then used to build a recombination-free phylogeny using the same approach as above in RAxML-NG. iTOL was employed for annotating the tree 55 .
We detected phylogenetic lineages within the tree using a hierarchical Bayesian Analysis of Population Structure (hierBAPS) model as implemented in R (rHierBAPs) with a maximum depth of 2 and maximum population number of 100 56 . FastANI 57 was employed to calculate the pairwise Average Nucleotide Identity (ANI) as a similarity matrix between all the strains with the option 'many-to-many'. The similarity matrix was imported into R and used together with the group assignment obtained from hierBAPS to compare the ANI values in strains within and between groups. ANI values were plotted as a heatmap of all strains as well as a composite histogram of identity between and within groups.
Identification of lineage-specific loci
To detect lineage-and isolation source-specific loci, the allele database obtained from wgMLST analysis in BioNumerics for the 1,305 S. maltophilia strains was filtered using Base R version 3.4.3 58 and the tidyverse package 59 to identify loci that were uniquely present in the phylogenetic lineages or specific for isolation source. Intersecting gene sets were visualized with UpSetR 60 .
Resistome and virulence analysis
Resistome and virulome were characterized with abricate version 0.8.7 37 screened against the NCBI Bacterial Antimicrobial Resistance Reference Gene Database (NCBI BARRGD, PRJNA3134047) and the Virulence Factors of Pathogenic Bacteria Database (VFDB) 38 . All genes below 90% coverage breadth were excluded. In addition, literature was reviewed to identify additional genes associated with antibiotic resistance and virulence in S. maltophilia .
Statistical analysis and data management
All statistical analyses and data management were performed in R version 3.4.3 58 Site and date of isolation for the strains comprising the four d10 clusters isolated from the same geographic location within at most an eight weeks time span.
